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Part I 

Stab i l i t i e s  of Nitrogen Containing Heterocyclic Radicals 



INTRODUCTION 

This report  is divided i n t c  three essential  sections plus 

a f ina l  review-’ section. 

P a r t  I Stabi l i t ies  of Nitrogen Containing Heterocyclic 

Radicals 

Computation of Simple Potential Energy Surfaces 

for Ground and Excited _ -  States -_ 

?hotophysical Properties -of Indolizine 

P a r t  11 

P a r t  I11 

P a r t  IV F i n a l  Review of the Accomplishments of Research Done 

Under Th€s Grant 

P a r t  I of this report w a s  carried aut i n  large par t  a t  the 

University of. California, Santa Cmz, with sume additional calcu- 

lations done a t  the Centre de Mecanique Oadulatoire Appliquee i n  

Paris: P a r t  11 was carried out i n  1arge.part using the computing 

f ac i l i t i e s  i n  Paris. Par t  I11 was carried out e n t i r e l y  at the 

University. Drs. Paul Horowitz and Dan Lerner,Messrs. T.S. Lee and 

G. Feler are acknowledged as coworkers. 
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INTRODUCTION 

This paper addresses itself t o  three main topics. 

First we -Jill explore the intuit ive ambiguities of attempt- 

.ing to assign the ground state symaetries of a number of 

heteroradicals, W e  vi11 also explore the diff icul ty  of obtain- 

ing "goo-I" pi-electron spin density calculations. 

ut11 also explore the s ta th  symmetry consequences of these assign- 

Finally we 

ments With respect to the pbtogenera tbn  of such radicals from 

parent f i l l e d  shell molecules. 

.Conceptual ambigukies exis t  with respect to  intui-  

t ively assigning the symnetry of the ground state of planar 
I radicals. K a s a i  and coworkers set out t o  explore this issue 

with respect to  the ground state syumtetries of the phenyl 

a d  higher polycyclic aromatic radicals, K a s a i  showed that 1 

in the syst-ms studied a ry l  radicals invariably had sigma 

structures. 

of the sigma phenyl radical is as shown below. 

is an excited state of the phenyl radical. 

The simplest resonance structure representation 

The pi-radical 

A t  this t i m e  we 

will auoid the problem of assigning the proper group theoreti- 

cal representations for various resonance structures. 

would require writing a number of additional structures of 

T h i s  

. \  

proper phasing. 

convention ,of circling the sigma electrons and giving the 

stgnuation of the t o t a l  number of p i  and sigma electrons involved 

in the c r i t i c a l  portion of the bonding picture. 

In  our diagram we use the Salem-Dauben-Turro 
2 
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6 ~ ,  lo 5n, 20 
. -  

Single Structure Representations of the Ground 

and Excited State of- the Phenyl Radical. 

Kasai' s experimental results were also supported 

by INDO calculations, Kasai specifically explored the 

possibility that in electron rich systems the pi-orbitals 
-. 

might yield up an electron t o  a half-f i l led sigma orbi ta l*  

to  generate a pi-radical.. 

radical the electron donating substituent m i g h t  s tab i l ize  

the normally energetically unfavorable zwitterionic resonance 

In the case of a substituted phenyl 
D 

structure to  yield such a pi-radical, as shown below. 

calculations; however, indicated that the ground state of 

INDO 
3 -  

8.6 / 

0F-  
--8n, 1 
igma Raaical 

Ctructure Prepresentations of the Sigma and Pi- 
p - Aminopheny 1. Rad ica Is 

S - 
Pi Radical, 7fl, z6 



the p-aminophenyl radical is sigma, 

vhich the g r o d  state of aryl  radicals are predicted to  

We know of no case i n  

be pi. 

Although not a radical the case of the phenyl 

cation, an even electron molecule, is somewhat mare complex, 
4 Experimental information is unclear as to the existence of 

the phenyl or substituted phenyl cations in  solution. The 

INDO calculations predict that although phenyl cation has 

a s- structure, the p-aminophenyl cation has a triplet 

ground state, pi-cationic structure. 

5 

6n, Oa 7n, l o  - e - 
Structure Representations of the -Ground States of the 

Phenyl and p-Am~ophenyl Cations 

Here,  the hypothesis that  the electron-rich nature of the 

substituent could yield an inversion of grouid-excited s t a t e  

symmetries has computational support. 
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k e  t o  the lack of experimental informati6n this 

ambiguity as to the real s-tries of the ground state of 

aryl cations remains, 

ambiguity by studying the photoprocesses i n  arenediazonium 

salts. 

We are attempting to  resolve this 

J 

The ambiguity we w i s h  t o  explore here tias to  do 

w&th the ground state sprrmetries of radicals gene-zted from 
~ 

the removal of an H aton f r o m  R2N-H yielding R2N radi- 

cals, Because of the nitrogen lone pairs  an ambiguity 

exists as to whether such radicals are p i  or sigma. 

pyrryl r ad ica l .  (I) 

pi-structures of the pyrryl radical--might be represented 

The 

is a case in point. The sigma and 

as follows.. We use- the convention of having the pi-electron 

labeled w i t h i n  the ring. 

6n, lo 

sisma 

Sti, 2u 

Pi 

Structure Presentations fir the 6yrryl Radical (I) _ _  



A reasonable guess as t o  the probable ground 

state symmetry of the pyrryl radical is obtained from exadn- 

ing the electronic structure of the parent amino radical 

, or simple a lky l  derivatives. In the case of NH2 
both experimental5 and theoretical 6 information shows that 

the ground state has a 2B1 syrometry,'whiie the lowest 
exctted s t a t e  2% is only about 1-3 ev higher in energy. '7 

m,2a 

Structure Representations for the Ground- and 
First Excited S t a t e  of the Amino Radical 

-. . .  
8 Dial,kylamino\ radicals.  are also theoretically and 

2 experimentally pi-radicals ( B1). Simple first order per- 

. turbation theory leads an hbigui ty  as to the prediction of 

the symetry of the ground s ta te  of the pyrryl  radical. 

The least .complicated scheme (Fig,. -e 1) of tue tntqract ion 

of the pi-orbitals of cis-butadiene with the pi-amino radical 

predicts, on weak interaction, a *B1 structure f o r  p y r r y l ,  

anti on Strong interaction, a * A ~  structure. SA a simple 

picture, however, discounts the p o s s i b i l i t y  that the al 
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sigma orbhtal on the amino group is stabil ized 03 coalescence 

into butadiene. 

tiens predict a ground state symmetry of *4 for pyrryl 

(vide infra). 

from the interaction of structures whose alpha pi-spins aye 

not localized on the nitrogen atom, as show. zbo\ie, but on the 

In fact, both INDO and pi-electron cakula- 

Resonance-wise, such a symmetry can only a r i s e  

carbon atoms as shown below, 

.- 

It would appear that simple perturbation argu- 

ments'are useless in  rationalizing the l ike ly  ground s t a t e  

symetries of amino type radicals which 

systems, I n  a similar way the question 

.NF2 have *B1 ground states and NO2 

have adjacent pi- 

as t o  why NH2 and 

has a A1 ground 2 

state has not been rationalized. It would appear that pre- 
s .  

dictions as t o  the'symmetries of these classes of molecules 

can be made only w i t h  some computational e f for t ,  Hopefully, 

_ -  a f t e r  a sufficient number of calculations some rationale can 

be consi: which will a i d  intuit  ton. 

'We &re particularly intere:Led i n  khe electronic 
e 

structures of pyrryl, imidazyl, and be azirnidazyl. Here, 

we repbrt that  INDO cz lcu la t ion~  predict a. sigma structure 
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f o r  imidazyl, while the other two are  pi .  

lat ions were conducted on related heteroradicals to  see i f  

the pi-versus-sigma d i lema could be resolved. 

have conducted a number of pi-electron calculations on pyrryl, 

imidazyl, benzimidazyl, carbazyl, and purinyl radicals. 

Additional calcu- 

F ina l ly ,  we 

METHOD OF CALCULATIONS 

The INDO calculations were conducted using 
9 program No. 91 from Quantum Chemistry Program Exchange. 

The standard parameterizations were used. 

does not compute pure doublet states, however, and thus 

. the resul ts  reported here are  for  calculations containing 

This program 6 

contaninacing higher multiplets. 

those from standard tables 

cepiion that a l i  C-N, C-C, C-0  bonds we e set a t  1.40 A. 

The geometries chosen were 
-- 6 (for N-H and C-H) w i t h  the ex- 

The pi-electron calculations weie conducted using 
10 a standard open she l l  UHF pi-electron technique 

in a modified version of progrcm 76 of QCPE. In this case, 

however, the contaminating quartet multiplet was removed by 

single annihilation using a subprogram writ ten w i t h  the a i d  

of previous work. 

the valence s t a t e  ionization potential and one-centered 

electron repulsion integral were 11.08, 10.98 ev (carbon) 

and 14.63 and 12.27 ev (nitrogen) respectively. A test 

calculation on the a l l y l  radical gave a value of 

contained 

-11 The carbon and nitrogen parameters for  

. 

2 
(S ) 
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after annihilation, of 0.75000, indicating f u l l  quartet 

removal, 

spin densities, a f t e r  annihilation, were 0.57 and -0.14, 

using a C-C resonance integral  of -2.40 ev. 

excellent agreement w i t h  the experimental values of 0.58 and 

The calculated terminal and central  carbon atom 

There are i n  

1 2  -. 16, respectively. 

REEULTS AND DISCUSSION 

I. INDO Calcuittions 

A) rn 1, Imizazyl and Benzimidazyl. The 

calculations l i s t e d  in Tables 1-3 for  'these radicals show 

that both pyrryl and benzimidazyl are predicted to be pi- 

radicals while imidazyl is predicted to  be a sigma radical. 

Experimentally none of these parent radicals are known. 

tetraphenylpyrryl and triphenylimidazyl are  w e l l  characterized 

The 
13,14 

as being pi-radicals, However, from resonance cor: siderations 

alone, it would be anticipated that the polyphenyl substituted 

pyrryl and imidazyl would be pi-radicals even i f  the parent 

radicals were sigmz. The ni calculations of pyrryl approxi- 

mates the pi-electron Lalculation i n - t h a t  a very low spin 
. 

density is predicted for the nitrogen atom and that the symmetry 

is most l ikely A2 (experimentally) for  the tetraphenyl deriva- 

tive.13 Both 'ZNDO and pi-electron calculations (Tables 1 and 

9, respectively) predict a much higher spin density a t  the 

alpha than a t  the beta 1,. drogen. Likewise, the triphenylimidazyl 

shows a low spin density on the nitrogen atoms 13;1Lthough the 

syrrrmetry predicted frolli pi-calculation (Table 9) indicates a 

2 . 

- 
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symmetry, different than pyrryl. A rationslizxtion of 

w i l l  be given later as w e l l  as a comparison of the car- 

culations on benzimidazyl presented i n  Tables 3 and 12. 

The, main anomally occurs w i t h  the predicted sigma 

structure of the imidazyl radical. A number of experiments 

have been directed towards generating the imidazyl and benzi- 

rnidazyl radicals. ''-I7' Widazyl radical i s  a proposed inter- 
14 mediate i n  oxidative phosphorylation, a key biological process. 

The radical identified from the i r radiat ion of imidazole crys- 

t a l ~ ~ ~ ~ ~ ~  has been established as being structure 11. 

- *- 

&-* 
- 

I1 .. 
The earlier work of Lamotte and Servoz-Gavinl'S indica'ted % ) 

different  species, one formed at 77& as yet  unidentified, 

and a higher temperature specie, structure 11. ' A single ESR 

spectrum indicated a species with 2 eqrrivalent nitrogens w i t h  

a coupling constant of 10.5 gauss, and one hydrogen atom 

(32 gauss). 

the slgma imidazyl radical  (XII). 

- .  

The pkoposed structurelSa i s  close to that of 

Structure Representation for the Sigma-Imidazyl Radical ( I T I )  
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The m a i n  problem w i t h  such a s t ructural  assignment fmr. t h i s  

sparse data is the l o w  coupling constant on the nitrogen. 

Most authors” associate a low nitrogen coupling constant 

(under 25 gauss) w i t h  a pi-structure, the classical argument 

being that any sigma radical would have a high s-orbi ta l  

component and therefore a high coupling constant. The 

ZNDO calctilation i n  Table 2 i s  somewhat unique in  that 

although most’of the spin is localized on the two nitrogen 

atoms tile p-orbital, not the s-orbital, component is high, 

Regardless of; the possible relationship of  this calculation 

t o  r ea l i t y  it is now established tha:: using low coupling 
. .  

constant masaitudes as a cr-Xeria of pi-versus-sigma structure . 

has no . t heo re tka l  validity. 

calculation on imidazyl is  the generally low value of both 

the hidrogen and nitrogen coupling constants. In  any case the 

high H cL 2ling constant observed experimentally is nct dupli- 

cated computationally and no conclusion can be drawn, The ESR 

- .  

Another cur :- )us resu l t  of the 

spectmm (a single line)  for solution generated imidazyl 16c - 

indicates rapid spin exchange and is useless for  any analvsis. 

-B) Structurally Relzrted Radicals . As previously 

mentioned, amino and dialkylamino radicals are predicted 

and found6j8 to  have pi-structures (2B1). AL- present, . 
there is no substantiated c a ’ e  of a sigma radical of 

the R’FW type. This includes a u ~ i d o , ’ ~ , ~ ~  and hydrazido 20 

type radicals as well as &alkoxyi1 radicals. of major - 



interest are the ami* radicals, 
atists over their structure as deterrained from ESR spectra. 28,19 

A great .deal of controversy 

, flQo0 ca lcu la tbns  were cmly reported in  detail on a few of the 

. mino type radicals, 8s Poss&ly22.be acetamido is predicted 

to be a-pi-radical. The main theoretical  problem we face here 

deals wim the possible vaiidity of INDO calculations in pte- 
~ . \  

dictipg m e  relative s t ab i l i t i e s  of two close lying electronic 

states, 

to explore this situation. 

Md5tional test calculations were conducted in d e r  

Xhe -in question is why is:there a pi-to-stgma 
s 

irmersion in going from pyrryl to 'imidazpl? 

in other heteroradicals? Are the calculations reliable? A - 

plausible hypothesis for the pi-to-sig& radical conversion 

Does € t  happen 

that the multiple incorporatcon of heteroatoms having 

nmn&mding'l electrqns jato a basic hydrocarbon radical' izight 

sufficiently electron enrich the sigma framework so as t o  

generate an inversion of the "ground1' and "excited1' states, 

Conceptually pyrryl an6 imidazyl are, respectively, e a -  and 

1,3=diaza cyclopentadienyl radicals. .The incorporation of 

one or more nitrogen atoms. into cyclopentadienyl could, 

conceptually, convert a p i  to 'a sigma radical, Computation--1ly 

this onlj occurs with Imidazyl, 

occurs when hetercatoms are substituted lnto a parent a l l y l  

radical LMM calculations were carried out  OR aminoethyfene 

To see i f  a .. similar thing 
w 

(Table 41, 2-aza-aminoethylene (Table 5 )  , formamido (Table 6 )  , - 
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the formic actd cation (Table 7) and the carboxyl radical 

(Table 8 ) -  

sigma radicals, 

The latter three materials were predicted to  be 

Both a h e t h y l e n e  and 2-aza-aminoethylene 

radicals are br turba t iona l ly  related to  the 2% structure 

of the a l l y l  radical, 23  In’contrast with acetemido,2.2 formamido 

&s predicted to  have a sigcPa structure, 

fonwnido is predicted to  have a curious electronic structure, 

Most ’bf the spin density is localized on the oxygen atom and 

the structure representation is closer t o  that shown below. 

lo addition the nitrogen coupling constant 

As with’imidazyl, 

Structure Representation for the Formamido Sigma Radical 
, 

is small. 

radicals indicate a pi-stnicture, 

mental resu l t s  are not necessarily in conflict  w i t h  the 

Experimental results on the methylated amido 

and thus the experi- 

..INDO calcul st ions , 
troscopy, 24,25 that 

a sigrrra @electron 

It is I+X.IOWLI, from photoelectron spec- 

the-formic acid cation is nost probably 

excitation) radical. Here too, the . 
pi-versus-sigma structues are quite sensitive t o  methylation. 2 5  

Carboxyl is predicted. to  be a sigma radical, and 

there is some experimental evidence for thisz6* in the case 

of malonic ccid. 
- 

However, with phenylcarboxyl radical a 
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pi-structure is predicted and found. 27 n u s ,  in a l l  cases 

apparently minor st ructural  vk ia t ions  cart cause a pi-to- 

inversion. 

Conclusions of the TNDO Calculations, Enough 

information exists to support the statement that the pre- 

diction that imidazyl is a sigma radical is uot necessarily . 
a computational artifact, 

lndicate that there Is no-strong in tu i t ive  basis on which to 

predict what kind of structurks should be p i  or sigma radi- 

A t  a minimum the ca lcu l s tbns  

cals. b w e v e r ,  there €s also some support.for .- the idea 

'that loading' a part icular  parent radical With heteroatoms 

hawing '%tan-bmdingt' electrons should tend .to favor sigma 

structures. 
-. _- 

XI. Pi-Electron Calculatzons 
* 

The results of the open* shell single annihila- 

t ion  SCF pi-electron calculations of the spin and electron 

densit ies of pyrryl, imidazyl, indolyl, carbazyl, benzimidazyl, ' 

and purinyl radicals are shown i n  Tables 9-13. 

radical,z8 it was fmnd that annihilation had l i t t le  ef fec t  

on calculated spin and electron densities. 

the spin and electron densit ies,  as w e l l  as the expectation 

value 0f.S , are reported a f t e r  amihi la t ior  of the  contaminat- 

ing quartet, 

Unlike a l l y l  

Therefore, a l l  

. 
2 

- 

. 
As usual, there is some ambiguity as to  what 

values to use for the C-C and C-N resonance integrals. 

separate calculations were attempted i n  all cases. 

of parameters used resonance integrals for C-C and C-N of 

-2.40 ev each. Anotscr set used a value of -2.40 f a r  C-C and 

TU0 

One set - 
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and -2.57 for  C-N, In most cases this small  parameter 

& a g e  had l i t t l e  effect on the calculated spin and electron 

densit ies and, therefore, a l l  the resul ts  are not presented, 

A n  example of a lack of effect of changing resonance parameters 

is-shovn in purbyl  (Table 13). 

major effect was noted with regard to  

effect In the sp-b and electron densities. 

With carbazyl, Lwever, a 

S2 , and a m i n o r  

In one case, 

bcbzimidazyi (Table U )  , the s)nametry of the ground state, 

was 'altered by this q%l change in the resonance integral. 

I d o l y l  (Table 10) showed some variation in spin ciensities. 

Two major conclusions can be drawn fran the compu- - 
tational features of the calculations presented in Tables Y-13.  

First, unlike al-lyl, annihilztion is not p a r t i n :  ply important 

in effecting the spin and electron densities. 

shows up with regard to the expectation value of S2 , but 
even in this case single annihilation is not always suff ic ient  

The e f fec t  

in producing's value near the 0.75 required for a pure doublet. 

-Second, the fact that a mhor variation in the resonauce integral  

can lead to great changes-fn s p i a  axid electron d e n s i t i s ,  as 
. w e l l  as produce a change i n  the sJmmetry of the ground'state 

is a serious development. 

for a small system in which there are a 1imiked';lumber of 

Such a symmetry chaqe  is unlikely 
_-  

orbi ta l s ,  In large systems the number of molecular *,rbitals 

incr;:ases and the€r close energetic proximity may make the 

system of interest  susceptible t o  perturbational sensi t ivi ty  

result€ng from minor perameter cbanges, I f  so, the r e s u l t s  
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obtainc-d do not re f lec t  topological e f fec ts  but merely are 

art:f-=,~ :ts of the parameters used, 

Witbout going through a f u l l  perturbational treat- 

of the electronegativity effects  of the inclusion of 

hitrogen atoms into the basic parent hydrocarbon radicals, 

:cyc3q entadienyl, indenyl and fluorenyl, the resu l t s  obtained 

3a T d b l e s  9-13 show some interesting effects. 

0.E spin density on the N atom in p-1 is due to the ’- t .ymetry of the radical, n i s  can be re-explained in 

orbital termin-.logy as*re&lt ing from a node through the 

i 

The suppression 

- 

LL.r 

8-&tom in the one electron f i l l ed  o rb i t a l  if one uses a 

closed shell approximation, Under such conditions, the spin 

den.:ity at the N a t c m  would be zera.‘ The si tuat ion as t o  

‘ why tbqxe is negative spin densfty in the open shell cdcula-  
28 tiotr is ident ical  t o  the classic case of the a l l y l  radical, 

..which yilso has an 

w€th irnidazyl and the near zero -spin density on’the nitrogen 

atoms a u s t  rest t from electronegativity effects. The simplest 

2 
symnetry. No such argument can be used 

. . 
hypo?hesir L r  imidazyl, o r  any other- radical in which symmetry 

does nnr dominate the N spin-densit ies,  is that high spin 

. deasic5es and the accumulation of a negative charge on the 

I+ 

is best see-1 from resonance structure a r g t r m e k  

. 
atom tend t o  oe mutually incompatible. The reason for this - 

Like cyclo- 

pentsldienyl uncharged resonance structures (of proper phasing 

and beloqging to  the *B1 representation in  the case of 

imidazyf) merely sca t te r  the spin density equal ly  about the 

5 memberd ring. However, ionic resonance structures in which 



a stoms possess a negative charge suppress the spin densi- 

ties at the N atom. 

non-charged ionic 

2 Resonauce Structure Presentations for the B1 pi-Imidazyl Radical 

- -  If this hypothesis is true one would expect t o  

f iad a correlation between N spin densit ies and electron 

?densities in the calculations presented in Tables 9-13. 

fact, with the exceptton of the 1 and 3 positions on p u r b y l  

radical (Table 13) there is a fair l inear  correlation. High 

N spin densities are associated With electron densities i n  the 

In 

. 
1.15 .- 1-20 region, 

With electron densities €n the order of 1.35. 

radical the low sp indens i t ies  of the nitrogen atoms in the 

6 member ring is associated w i t h  a high electron density. 

Simply stated, it would seem that nitrogen would prefer t o  

Negative spin densit ies are associated 

Even in purinyl 

attract 2 electrons instead of one, This f i t s  our intui t ion 
(. 

as to  the relat ive electronegativities of carbon and nitrogen. 

A comparison of the INDO (Table 3) and the pi-  

electron calculations (Table 12) for the' 2A2 s t a t e  of 



benzimidazpl radical  shows a strong difference i n  the pre- 

dicted hyperfine coupling constants. As implied from the 

pi-electron spin densit ies the pi-electron calculation shows 

a f a i r l y  high coupling constant for atom 2 in the 6 member 

ring, 
3x1 the 6 member ring, with the 5 member ring being allyl-l ike.  

The INDO calculations predict very l i t t l e  spin density 

In par t icular  the lack of annihilation in the case of the INDO 

calculations shows up i n  the large aegative spin density at 

carbon 5. T h i s  is also shown in the INDO calculations in pyrryl 

(Table 1) and 2-aza-aminoethylene radicals (Table 5). In 

pi-electron ca l cu la thns  OQ pyrryl we found pi-spin densit ies 

of -0.048, 0.418, and 0.106 before annihilation and -0.081, 0.445, 

and d.095 a f t e r  (Table 9) fo r  the nitrogen atom 1 and carbon 

atoms 2 and 3, respectively. 

- 

Any presumption that if annihila- 

tion is not important in determining spin densit ies i n  open 

shell piLelectron calculations they w i l l  also be unimportant 

in the INDO calculations, is obviously not supported by .these 

resul ts .  

Experimentally, there is a.’lack of information in  

which to  test these calculations, 

radicals, the ESR spectrum of cyclopentadienyl has been re- 

ported. *’ In  the aza derivatives, only-carbazpl has been 

characterized . 
nitrogen spin density (0.46) somewhat in excess of the 0.24 

In  the parent hydrocarbon 

Here, our calculations .indicate a 

estimated from the coupling constant of 6.9 gauss. We are 
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in qualitative agreement with the observed spectrum, however, 

and the syuanetry of the carbazpl radical must be 

only other material reported is Mdolyl radical, 'l-' 'he radical  

is a possible: intermediate in  the photodecomposition of inCole 
30 derivatives, including tryptophan, The proposed mechanism 

inpOlves the photo ejection of an electron t o  give an indole 

cation followed by ionization to the conjugate base, the 

2 By. The 

indolyl radical. 
31 I k e  however. 

the spin density 

putationally not 

The observed spectrum consists of a single 

The kgument of Pailthrope and Nicholls that 

is  localized to ta l ly  on carbon atom 3 is com- 

supported (Table 10) nor 2s it logical  from 

a purely resonance viewpoint. 

Q t&usually h5gh C spid density of 0,50 at the 3 position but 

the spin denshies  at the other locations should create s5gnifi- 

cant s p X t t h g  i n  the spectrum of hdoly l ,  

The calculation does indicate - 

111. State  Symmetry Consequences of the Pi-Versus- 
Structure o f  Radicals 

The symmetries of the ground and excited s"ates 

of radical  species' are of importance in  determining some of the 

qual i ta t ive features of the potential energies surfaces of 

-- even electron molecules which 'give radical  products. This 

5s best seen i n  how ammonia might yield' the b i n 0  radical and 

the hydrogen atom. It has alreaGy been shoh that the ground 
_ _  

2 2 state of l?H2 is  B1 and the f i r s t  excited s t a t e  i s  AI . 
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Conceptually we can join planar NIi2 With H in a coplanar 

fashion to g5ve planar.amonia. The structure representations 

are given below. 
- 

*% 
In, 3u 

(ground state) 

- -.)p 

t 

2n, 20 
~ (excited state) 

-H 

.. . 

T 

i -  

* -  In, 3a (" - a ) 

-(excited state) 

2rr, 2a 
(ground state) 

Structure Representations for the Joining of the LB1 and LA1 
States of % Radical w i t h  a Hydrogen Atom 

- 
We have purposely written a 3 electron sigma bond 

for the N-H bond in the *B1 NH2-H reaction. In orbital 

terminology a 3 electroa sigma valence bond is  a (sigma) sigma 
2 * 

configuration. The concept of  a 3 electron bond is  useful in 

attempting to keep the state symmetries in order when writing 
- 

valence bond structures. 
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The above argument shows that  the ground s t a t e  of 

the amino radical is correlated w i t h  an excited s t a t e  of- 

-amonia, and the eici ted s t a t e  of the amino radical is 

correlated with the ground s t a t e  of ammonia. * This has 
already been shown diagranrmaticallp by Herzberg and Douglas. 33 

mus, it is predicted that the potential  energy surface of the 

groUna state planar amnonia must cross w i t h  a singlet  excited 

state of planar k n i a  at a N-H bond length less than the 

dissociation l b i c .  Because of configuration interaction and 

the breakdown of spmmetry this crossing does not necessarily 

occur when other geometrical var ia t tors  are added to the N-H 

stretch, 

one se t  of geometrical coordinates. 

Conceptually, however, cross- does occur at  leas t  at  
.- 

. With the possible exception of imidazyl and foramido, 

the 6xperhenta l  resul ts  'show that all other R'RN type radicals 

are amino-like and yield p i  rather than sigma radicals in  the 

ground state.  Witn pyrrole, for example, the stretching of the 

N-H bond i n  a co-planar fashion should y ie ld  a sigma pyrryl 

radical, which is predicted t o  be an excited state of pyrryl. 

AS with amino, then, the grounil s t a t e  of pyrrole is correlated 
2 * with an excited s t a t e  of pyrryl { AI) and some pi-sigma excite6 

~ 

2 s t a t e  of pyrmle is correlated to  the ground s ta te  of p y r r y l  ( A2). 

It seems l ikely that in most molecules of the type calculated 

here, there is a crossing between the groGnd and excited s ta tes  

at some N-H stretching coordinate. - 
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The behavior of planar heteromolecules having N-H 

bonds is to  be constrasted w i t h  the arene-aryl radical correla- 

tion curves. 

give the ground state of the phenyl radical (sigma)' and an 

H atom without ground-excited s t a t e  crossing. 

analysis will also show that ground-excited state surface 

crossing is possible in other cases, 

phenoxy radical is known to have a pi-structure. 34 

The ground s ta te  of planar benzeae should smoothly 

A similar 

For instance, the 

I€ one 

.constr ic ts  the departure of the H atom from phenol in a 

coplanar fashion this can only generate a sigma phenoxy 

radical. 

0-H st retch the ground and some excited state of phenol come 

into contact. 

state crossing in the thermal and photodecomposition of arene- 

diazonium cations to give a ry l  cations. 

Thus, as some geometrical coordinate along the 
\ 

We have proposed a similar ground-excited 

33 

Similar ground and excited state curve crossings are 

proposed for  radical cations o r  anions i n  their ionization 

processes. The benzene cation (pi)  can not correlate ' w i t h  

the ground s t a t e  of the phenyl radical (its conjugate zcid) 

which is sigma' i f  the proton depart's in  a co-planar fashion. 

Likewise, the ground s t a t e  of the chlorobenzene anion (pre- 

sumably a pi-radical anion) can not correlate the ground s t a t e  

of the chloride ion and the phenyl radical. Both i n  the benzene 

cation and chlorobenzene anion, surface crossing must occur 

'36 

. 

along the breaking of the C-H or C-C1 bcnd. - 
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sv, 2a 
(ground state) 

5n, 20 (n - 0) 

(excited state) 

6% 42 6n, la 
.(excited state) (ground state) 

. .  
v . 

Ionization cf the Benzene Cation to the Phenyl Radical 
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The theoretical conseqtlences of these curve 

crossings are that when attempts are made t o  calculate 

the potential 'surfaces for reactions in which the final 

states indicate cume crossing the situation w i l l  becms 
a 

increasingly complicated as certain bonds are sc - ':ched, 

The experimental consequences of the possibi l i t -  

and excited state relaxation t o  a ground s t a t e  potential 

surface might occur at or near the crossing coordinate.. 

ground 

. Salem, Dauben and Turro have already" propdsed that surface 

crosshg of this type occurs in the singlet Norrish Type XI 

photoreaction. 

fmm the n-pi* singlet along the 0-H coordinate to  give the 

- 

In this case the crossing occurs direct ly  
u 

s ing le t  biradical intermediate in i ts  grouqd state. 
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TABLE 1 

Calculated Electronic Structure for h e  Pyrryl Radica 

Hyperk ine  
Coupling TOTAL Densities Constant 

* Electron Densities Spin Atom Orbital 

1 

2 

3 

4 
5 

S 

-F + PY 
. P" 

S 

PX + PY 
P" 
S 

PX + PY 
Pn 
S 

8 
8 

1.543 
2,473 
1,282 
1.077 
1.891 
0,834 
1,053 
1,939 
1.205 

5.299 - 
.. 

3.802 

4,OU 

1,035 
1.020 

-0 . 009 - 3  
-0 1042 
rO. - 229 
0,026 21 
0,032 
0.491 
0.002 1 

0,126 
-0,007 

-0,022. . _  -12 
-0. 005 - 3  

2 
w=try = (n) 
* px + py = sum of in plane orb€tals 
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Table 2 

Calculated Electronic Structure for the Imidazyl Radical 

Hyperfme Electron Densities Spin A t a n  Orbital TOTIU, 
m i t i e s  gzia% 

1 

2 

3- 

4' 

0 

5 

1.045 
1.8lg 
1,094 

0, Cll 
3,957 -0,002 

8 1,538 - 
F + PY 2.162 Se l l9  
. p"' 1.399 
- s  l.1U 

E= + PP 1,704 3,833 
P" 1,014 
8 0,996. 
L 1.011 

- -  

9 

-37 

0.3 
-t 
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Table 3 

Calculated Electronic Structure of the Benzimidaiyl Radical 

Hypertine 
TOTAL Densities Constants Atom 'Orbital Electron Densities Spin Coupling 

-.1 S 1,037 0,001 0.5 
-PX'+ PY 1,939 3.976 -0,001 2 
P" 

. .PX+ PY 
P= 

PX + PY 
P" . 

F= + PY 
Pn 

2 S 

3 6 

4- 8 -  

5 8 

1,001 
1,045 
1.947 
0.994 
1.022 
1,880 
1,008 
1,sso 
2,631 
0.987 
-1.07 9 

0,032 
0.003 2 

3,985 0.003 
- .  0,063 - 

.I -0-:005 -4 
3,910 -0.017. 

-0.018 
0 . 025 10 

5,168 0.028 
0,621 
-0.029 -24 

1,162 3.841 -0,050 
1.020 -0.397 * 

PX + PY 
P= 

6 s . i.019 -0.002 - 1  
7 S 1.019 -0,003 - 2  
a S 1.005 0.014 8 . - 



Table 4 

Calculated Electronic Structure for the 

hinoethylene  Radical (R) 

Hypertine 
Coupling Electron Densities Spin 

TOT-& Densities Atom Orbital 

1 

2 

3 .  

t 

4 
5 -  
6 
7 

8 

F+ PY 
P" 

Pt'+ PY 
P" 

Px + PY 
P" 

' 9  

S 

S 

S 

8 '  

S 
b 

1.045 
1.850 3.865 
0.971 
1.102 
1,936 4.028 
0.991 . -- 
1.564 
2,604 5 . 207 
1.039 

I. 014 
0.904 
0.988 
0.996 

- 

-0,022 - 18 
-0.044 
-0.290 
0.027 22 
0,038 
0,494 
0.034 13 
0 , 029 
0.796 
0.010 6 

-0.029 -16 
-0.022 -12 
-0.022 -12 



Table 5 

Calculated Electronic Structure for 

Aza-amino Ethylene Radical 

(Cisoid Configuration ) 
tine ?--a- nypcrr 

Electron kns'ities Spin Coupling TOTAL Densities Constznts A t F  Orbital 

1 S 1.061 
PX + PY 1.757 
-Pn 0.937 

2 S 1.564 
PX + PY ' 2.604 . 

Pn 1,031 
3 S 

4- S 

- 0.032 - 26 
3.755 - 0.053 

- 0.420 
- 0.030 11 

5.200- 0 , 034 
0.710 

1,056 - 0.014 7 
0,895 - 0,028 -15 

Symmetry = ' ~ 2  (n) 
Note: Transoid configuration essentially the saae with regard 

to hyperfine coupling constants. 
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Table 6 

Calculated Electronic Structure for the 

Foramido Radical (cisoid) * 

Byperf me 
Coupling Electron Densities Spin 

TOTAL Dens i t i e~  Constant Atom orbital . - 

. 
1 6 1.050 -0. 027 - 23 

px + py 1.745 3.628 -0 . 088 
- P" 0.823 0.007 

2 6 1.765 z 0.019 17 
px + py 2.546 6.104 0.863 

. P" 1.794 0.020 

px + py 2.403 5.360 0.101 
3 S 1.573 - .  ~0.006 - 2  
*. 

P= 1.383, -0.027 
4 8 7 .1.003 0.143 76 
5 s 0,906 -0.004 - - 2  

Symmetry = sigma 

* Hyperfine coupling constant for isomer with H4 + Hs in a 
trans configuration are: Atom: 1, -24; 2,  16; 3, -7; 4 ,  49; . 
5 ,  -7. - 
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Table 7 - 

Electronic Structure of the Formic Acid Cation Radical  

Electron Densities Spin Hypertine 
Atom Orbital , TOTAL DesEitries Coupling Constant 

1 S J.054 - 0,029 - 24 . 

.. -PX + PY 1.731 3.398,  - 0.094 
Pn 0.610 - .- 0,031 

2 -  S 1,761 .. '0.021 18 
PX + PY 2.511 5.880 0,881 
P" 1.608 0 . 042 

PX + PY 2.737 6.U7 0.118 

4 S .Om877 0.107 58 
5 S 0.688 - 0.004 - 2  

3 8 1.638 0.001 1 

P= 1,782 - 0.011 

b 

Symmetry = sigma 
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Table 8 

Calculated Electronic Structure for the 

Carboxyl Radicz 1 

Hypertine 
Atom Orbital Electron Densities Spin coup ling TOTAL Densities Constant - 
1 '  

2 

3 

S 1.052 - 0,039 - 32 
PX + PY 1.725 3,484 - 0.092 

- Pn 0,707 - 0.024 
S I, 802 - 0.001 - 'J. - 

PX + PY 2,834 6.283 0.447 
Pn 1,647 0,012 

S 0.950 0.238 129 

Symmetry = ' A ~  (sigma) 
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Table 9 

Pi-Spin and Electron Densitic- of 

Pyrryl and Imidazyl Radicals 

Atom Spin Density n-Elec tron 
Density 

- 0.08 

3.45 

3 0.10 

* 

.fmidazyl 

1 0.36 

2 - 0.04 

3 0.37 
2 (S ) = 0.756 , Sym = . 2 ~ 1 .  

1.37 

0.81 

1.01 

0.74 

1.34 

0.79 

* . A l l  B's = - 2.4 ev, a l l  values after annihilation. 



Table 10 

--Spin and Electron Densities i n  h d o l y l  Radical 

Spin Uensity 3lec t ron Dens it ies 
2*40 A l l  P'S. = - 2.4 B C-C = -  2.40 

2.57 
Atom A l l  B's-0 2.4%=CZ 

t:- %-N BC,f - 2.57 

1 0.28 

3 0.50 
4 .  0.0 . 07 
5 0.19 

2 -0 . 04 

6 -0.Ci6 
7 0.14 

9 0.08 
8 -0.02 

t 

0.14 
0.06 
0.49 
00.04 
0.16 
0.02 
0.10 
0.04 
0.05 

(s2) = 

1.25 
0.89 
0.92 
1.06 

1-01 
0.93 
0.97 
3.?6 
0.786 

,0.97 

. .. 

1.30 
0.87 
0.91 
1-07 
0.94 
1.02 
0 r96 
il- 97 
0.95 
O ?  739 

All values af ter  annihilation 



-40- 

Table 11 

W-Electron Spln,and Electron Densities 

for Carbazgl Radical 

. 

Spin Densities Electron Dens it ies 

- 2-57 %-ti - 2.57 *C-N 

1 
2 
3 
4 
5 
6 
7 .- 

0.49 
-0. 08 
a.19 . 

-0. 08 
0.16 

-0.06 
0-12 

-sp. 

0.46 1.17 L.19 - 
-3.02 0-98 0.97 

0- 96 0.97 0-10 

0.11 0.98 - 0.98 
0.01 0.99 1000 
0.09 0.99 0.99 

- .  - - 
-0 . 02 - .- .LO1 - -: 1.02 

<S2, = .  0.906 0.750 
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Table 12 

n-Spin and Electron Densities for 

Benzimidazyl Radical 

Spin lknsities Electron Densities - 
9 = - 2.40 

E -  2.57 
'C-C = - 2-40 All B's=-2.40 C-C 

%-N 2.57 At- All B's = - 2.4 
BC-N = - 

1 0.17 

2 -0.05 

0.05 - ..o. 94 0.98 
.I 

0.20 1.01 0.91 

3 0.26 -0.04 0.82 0.99 

t -  -0 - 02 0.35 L 38 1.19 

-0.11 0.71 0.85 

2% (s2) = 0.766 , - 0.755 

A l l  values after annihilation 
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Table 13 

n-Spin and Electron Densities for 

Purinpl Radical 

s it ies E l e c  trcn Dens ic ies 

I 

~ 

-0.07 -0.08 1.27 3.. 27 

2 - 0-20 

-C.O8 

3.22 

0.01 

0.33 

0. I4 

-0.01 

0.21 - 

-0.20 0.74 

- 1.29 

0.73 

1.28 

0.77 

0.93 

1.21 

0.71 

1.35 

0.75 

0,774 

3 -0. 07 

4 0.22 

0-05 

0-78 

- 3 

6 

0.95 

0.31 1.18 

7 0.35 

-0 . 02 

0.71 

8 1.34 

9 0.22 

(S2) 

0.75 

G.796 

All values after annihilation 
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Introduction 

corresponding substituted aldehydes or ketones is  a reaction 

th ich  is accompanied by chemiluminescence. 

of Turro and coworkers (1) indicates, however, that i n  the 

case of tetramethyl-1,f-dioxetane a large yield of t r i p l e t  

acetone is observed in  the thermal decomposition 2nd that 

The thermal conversion of 1,z-dioxetanes t o  their 

The recent work 

chemiluminescence is a minor process. The mechanism of 

this non-adiabatic generation of t r i p l e t  species fros a 

thermal reaction of a f i l l ed  shell molecule is not known 

and therefore we have entered into theoretical  calculations 

to  see i f  they could be of some aid in an analysis of th i s  

problea. 

#ETKOD OF CALCLUTIOS 

reported here is to  perfect on a l l  valence electron SCMO-CI 

A longer range object of the work 

approach to  estiuiating the potential  energy "surfaces" of 

the ground and excited states (singlet-tr iplet)  of species 

involved i n  photocneaiical reactions. The CNDO/2 method was 

chosen as a s ta r t ing  point (2) to  generate the orbitals re- 

quired for  a configuration interaction estimate of the 

energies of the ground and excited singlet  and t r i p l e t  states 

at a particular gecnetrical configuration. 

The major fa i lure  of the CNDO/2 method (non-CI) in re- 

producing the overall  thermodynamics in  the dioxetane deccaposi- 

tion was demonstrated by Kearns and coworkers (3) who showed 
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that  the react5on is computed t o  be highly endothermic rather 

than highly exothermic (4). Although some success has been 

craned f o r  CNDO/L (5) or the related PCILO (6) and MDZDO (7) 

methods i n  predicting the re la t ive  energies of tautomers or geo- 

metrical isomers these techniques have yielded poor r e su l t s  ia 

the case of smal l  ring compoun3s. 

predicts  (8) that cyclobutane is more s tab le  than 2 ethylenes 

by 360 kcal/mole whereas the reaction is endothermic by only 

The unreparameierized o 0 / 2  

18.7 kcal (9) .I 

predicts  an endothemicity of 317 kcal for the 1,2-dioxetane to 

2 formaldehydes reaction whereas the estimated value is 55 kcal 

exothermic (4). Likewise, the P C E O  method, as usually 

We a lso  found that the unaltered CNco/2 nethod 

applied (6,10), is subject to the sane paramter iza t ion  as the 

pazent CNDO method and predicts  endotnennicit ies of 332, 317, 

and 326 for the cgclobutane, Metime, ‘and 1,2-dioxetane breakup, 

respectively,  grossly in contrast  t o  r e a l i t y  (6,9). 

this magnitude can not be corrected by a simple readju, c tment 

of resonance parameters o r  imposition of techniques which 

introduce correlat ion terms, e .g . ,  configuration interaction. 

It is obvious tha t  some reparameterizaticn of either the 

core-core repulsion or  core-electron (penetration) a t t r a c t i o n  

terms must be imposed. The MNDO method (11) chooses the 

former route by selecting a core-core t e r n  which precludes 

the proper imposition of configuration interact ion while at 

Errors of 
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the same t h e  being theoretically wrong. 

instal led ( 8 )  as one of the i r  features of a re2arameterization 

of the’CND0,/2 method an mclear formula for the estimation of 

the penetration term, vab , which s t a t e s  that the interact ion 

energy of an electron at  core - a with nucleus b goes‘ to  in f in i ty  

at infinite distance, This is theoretically i n  e r t o r  in t h i s  

Fisher and Kollwar 

limiting case and therefore unsatisfactory fo r  a calculation 

of . potent ia l  surface in which the reacting par t s  recede to 

infiuity.  In the CNDO/2 method (2) Vab = %Gab , where 2+, 

5s the core charge for uucleus - b and 

electron-electron repulsion integral. 
Gab is the two centered 

- 
We have chosen the simple 

expedient of replacing vab (12) by the term VabF , where 

F is a scaling factor. In  the noma1 CND0/2 method F = 1. 

A change of F t o  0.991 yielded a coaputed exochermicity of 

about 90 kcal instead of an endothemicity of 360 fo r  the 

1,2-dioxetane breakup. Since the Vab term i n  CNDO/2 cal-  

culations was original ly  an approximation we f e e l  that this 

minor parameter variation casts  doubts on any claims of uniqueness 

of any semi-eapirical parameter scheme. 

merely allows one t o  cal ibrate  the end points of a part icular  

potent ia l  energy surface calculation. 

the parameterization of the original CND0/2 method although 

well realizing that the prediction of e i ther  the excited s t a t e  

energies OK the magnitudes of energies o f  t r a n s i t L u  states 

would be ia error. 

r e f l ec t  the tcpological features of what  might occur i n  rea l i ty .  

This paraneterization 

We otherwise retained 

The hope i s  that t h e  calculations w i l l  
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As with a number of calculat ions of po ten t i a l  energy 

surfaces  the dioxetane-formaldehyde conputat ion requires the 

imposition of configuration interact ion a t  the doubly as w e l l  

as the s ingly excited level .  

o r b i t a l  s p c t r y  analysis  similar to  the classic cyclobutane- 

ethylene conversion (13) w i t h  the addi t ional  conp lka t ion  that 

T h i s  is eas i ly  shown by an 

%on-bonding" orbitals are involved', In  the case presented 

here the geometry of the 1,2-dioxetane t o  2 formaldehydes 

reaction was maintained in  the CZv 

to r t ions  were done by i) st retching the 0-0 and C-C bonds 

symmetrically t o  yield a concerted bond breaking; ii) stretca- 

€ng the 0-0 bond while maintaining a constant C-C bond mile 

moving the hydrogen atom pa i rs  towards one another; and iii) 

stretching or compressing the C-C bond a f t e r  the 0-0 bond 

point  group and a l l  dis- 

s t r e t c h  had reached 2.54 A. 

Table 1 l is ts  the conventions used f o r  the o r b i t a l s  as well  

as a symmetry correlat ion between the monomer s t a t e s  in fomalde- 

hyde .and the 1,Z-dioxetanZ or  formaldehyde diner states. On weak 

in te rac t ion  the % (pi-pi*) excited state  ~f f c ~ = t ' _ Z e r y 3 e  will 1 

split i n to  nearly degenerate 'A1 and , 2  sz:A:-E -4 Isire:.s the 
1 

-+2 (n-pi*) monomer state w i l l  s p ~ t  i v c o  

states . 
I n  the calculat ions presented here the Ci t re .=r ren t  was 

l i m L t e d  t o  a t o t a l  of 50 configuration of  the sinel?, dcubl . t ,  and 

t r i p l e  promotions of electrons from bonding to non-bocding orbitals 
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having Syrxnetry characteristics belonging t o  each of the 

four i r reducible  representations of the CZv point  group. 

Calculations w e r e  in i t ia ted  For a configuration of 1 , Z -  

dioxetanzl having the following bond distances and angles: 

C-C (1.55 A); 0-0 (1.48); C-0 (1.43); C-H (1.09); and 

E-C-H ( l l O o )  . 

RESULTS AND DISCUSSIOS: 

Cprve 1 represents the concerted breaking of the C-C and 0-0 

bonds. Curve 2 represents the in i t ia l  "breaking" of the 0-0 

bond to a point  (2.54 A) whe;e the C-C-0 bond angle has ex- 

panded from 90' to  l l O o .  

strEtchin& of the C-.C bond a f t e r  the C-C-0 aagle is llOo. 

Figure 1 shows 3 d i f f e ren t  curves. 

Curve 3 represents tbe coqress ion-  

Thus Curve 2 represents the evolution o f  the molecule to a 

more nearly s ing le t  b i rad ica l  configuration and Curve 3 

represents the e f f ec t  of C-C bond s t r e t ch  on C h i s  "biradical". 

Figure 1 snr .s  c lear ly  that the predicted ac t iva t ion  

energy through the ?,iradical is much lower than i n  the cc'11- 

certed reaction. Preliminary calculat ions also inCtc;?te that 

after the 0-0 bond had reached the  b i rad ica l  Configuration, 

twist ing around the C-C bond from t h e  c i so id  (CZv) to the traasoid 

(C2h) orientat ion is a path  to  lower energies. 

minimum energy path may actually represent a simultaneous 0-0 

break and C-C twist. Curve 3 indicates  that  the bi rad ica l  

Thus, the  best 



n 

a- - 
W 

. 

q-- . .  
n 
u- - 
v 

. 
. 
I 
. 

. 
e 

I 



-48- 

may have k i n e t i c  exis tence,  however, i n  that a d d i t i o n a l  energy 

is required t o  allow for  a breakup t o  the formaldehydes. 

Computationally Pome minor d i L f l c u l t i e s  were encountered 

in getting SCF convergence a t  certai:: geometries, e s p e c i a l l y  

LI the region where the amount of CX mixing i n  the  ground 

state was grea te s t .  In  Such regions the r e l a t i v e  -symmetries 

of the exc i ted  singlet states w e r e  a l s o  undergoing change. 

This is t o  be expected from a simple orbital ana lys i s .  

the b i r a d i c a l  c o n f i g u r a t i m  the lowest s i n g l e t  exc i ted  state 

was only about 2 ev-above the ground state. 

complexity of Figure 1, we have no t  included the exc i ted  state 

5ehavior. 

a c a l c u l a t i o n  of the approach of two planar  formaldehyde mole- 

cules t o  produce a dimer a t  sho r t  0-0 dis tances ,  which is a 

In 

Because of  the 

This has been done i n  Figure 2 where we have shown 

d i s t o r t e d  form of the dioxetane. In  the region or' 

of the t r a n s i t i o n  s ta te  of ground s t a t e  t he re  is a 

of the symrtletries of the excited states. 

the geometry 

reordering 

The pred ic t ion  that the lowest 'Bl a d  'A2 s t a t e s  in 

t he  dimer should become degenerate and evolve towards t h e  loEest 

n-pi* state is f u l f i l l e d  in Figure 2. I n t e r e s t i n g l y  the 

lowest 

at 3A. 

mixture o f  various doubly exci ted s t a t e s  of  the p i 2  t o  pi"2 and 

n2 t o  p i e 2  type. Conceptually, t h i s  s tate could a r i s e  from the 

'B2 and 'A1 t x c i t e d  s t a t e s  have not become degenerate 

Examination of  che 'A1 e x c i t e d  s ta te  shows that  it Ls a 
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ann ih i l a t ion  of two n-pi* t r i p l e t  formaldehydes and is  so corre- 

l a t e d  i n  Figure 2 w i t h  a s ta te  designated as 1 T  AI . The wavc- 

funct ion of the 'A: is an a n t i s y m e t r i z e d  product of  two 

moncexcited funct ions,  one fo r  each of  the monomers under 

the condi t ions that t h i s  f i n a l  function must  be a s i n g l e t .  

The p o s s i b i l i t y  ' h a t  a b i r a d i c a l  intermediate  exists i n  

the dioxetane reac t ion  has been argued themodyneaical ly  by 

O ' N e a l  and Richardson (5). The s i t u a t i - n  i s  much the same 

as w i t h  the cyclobutane reac t ion  as has been discussed t heo re t i -  

c a l l y  by Salem (14) and Hoffmann (15). The p o s s i b i l i t y  that 

such a s i n g l e t  b i r a d i c a l  has k i n e t i c  exis tence i n  t h e  dioxetane 

surface raises the  p o s s i b i l i t y  that the t r i p l e t  sur face  might 

l i e  at lower energies ,  Thus the route  t o  the  generat ion 04 

t r i p l e t  spec ies  i n  the dioxetane reac t ions  (1) Eight be through 

a mechanism involvinb in t e r sys t en  crossing from the singlet t o  

the t r i p l e t  b i r ad ica l .  We will soon perform the  C I  c a l c u l a t i o n  

on the t r i p l e t  surface.  However, i n  view of recent  w3rk on the 

dewar benzene t o  benzene conversion (16) i t  may w e l l  be t h a t  

t he  hypothesis proposed above fo r  the dioxetane r eac t ion  i s  

a b i t  too  convenient and that mechanisms of chemelectronic 

processes  (1,16) a r e  not analyzible  within the context o f  

p o t e n t i a l  s u r f a c e s  based OR the Born-Oppenheixer appr2ximation 

of t h e  t o t a l  sepaxi t ion of t r i p l e t  and s inglec  " z ta tes ' ' .  
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Figure Captions 

Figure 1 Energy-Geometry Sehavicrr (Ar'ter CI) of tne 

' Ground State of 1,2-Dioxetane, Curve 1 - 
Cozlrerted Brzakinq of the 0-0 and C-C 

Bori2s. Curve 2 - Breaking of the 0-0 

Bond With C-C Geld Coastznt. Curve 3 - 
Compression-Stretching of C-C Eond after 

0-0 Bond has reached the 2-54 A point in 

Curve 2. Computed Poincs given by large 

circles. Zero energy = - I403 ev. 

Figure 2 Energy-Geometry Behavior (After CI) of 

the Ground and Excited Singlet States of 

Formaldehyde Dimer .) 
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Part 111 

Photophysical Properties of Indolizine and Related Heterocycles 
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Last year's repor t  contained an extensive discussion of the  

photophysical p roper t ies  of indol iz ine  and r e l a t e d  aza indol iz ine  

heterocycl ics .  - Here we w i l l  complete only t h a t  repor t  by present ing 

same of t h e  figures not  previously sho-wn. 

be presented on the s igni f icance  of each figure. 

A s h o r t  discussion w i l l  

- 

Figure 4 Absorption-r'luorescence Spectra of Indole (Hexane) 

The i t e m  of note here is ttut in t h e  absorption spectrum the re  

is a number of bands in3 ica t ing  v i b r a t i o n a l  fine structure. A 

d e t a i l e d  analysis'  of this band system shows that t h e r e  are at 

least two.absorption bands i n  indole  i n  t h e  35-40 kK region. 

first one is  concentrated i n  the 35-36 kK region w i t h  t he  second 

The 

band-in t h e  37-40 kK region. The first band is commonly referred 

to as t h e  % t r a n s i t i o n ,  the.second, t he  L This is 

based on the  -false use of t h e  P l a t t  nomenclature . FluDrescence 

t r a n s i t i o n .  a 
3 

almost always occurs frm t h e  lowest s i n g l e t  and t h e  overlap of 

the  0-0 t r a n s i t i o n s  is r ead i ly  seen a t  aboQt 35 IC. I n  other  s o l -  

vents  t h e  p i c tu re  is more complex and the re  is some questior zs t o  
what e x a c t l y  is the emit t ing state i n  hydrogen bondin, solvents  3 34 . 

Figure 5 Absorption-Fluorescence Spectra of Indol iz ine  (Hexane) 

Indol iz ine  (Figure 5 gives s t ruc tu re )  is ison?eric EO indole.  

However, the two nearly degenerate t r a n s i t i o n  i n  indole  a r e  strozgly 

s p l i - t  i n  indol iz ine  with the  0-c t r a n s i t i o n s  i n  the 26 kK region 

for the  f i r s t  t r a n s i t i o n  and i n  t h e  34 kK regLon fo r  the second. 

Figure 6 Absorption-I'luorcscence Spectra of  Irrdolizine (Mcths- 01) 

The significance of this spectrum is t h a t  the "fine" structure 

of the f i r  t absorption ani. m i s s i o n  band i s  essentially gone, alLhor1.zh 
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not  near ly  so much as i n  the case of the emission of indole i n  methanol. 

The second trar 'si t ion of indol iz ine  still appears t o  have a f a i r  

amount cf structure. 

c i t e d  states have some degree of solvent  assoc ia t ion  s ince  there 

is a great dimunition of f i n e  s t ruc tu re .  

It would appear that both the ground and ex- 

Figure 7 Absorption-Fluorescence Spectra  of  E-Azain2olizine 
(Hexane and Methanol) 

H e r e  in the absorption band (hexane) there is s t i l l  the b ig  

s p l i t  between the  first and second s i n g l e t .  

is s t i l l  seen. In  methanol the smearing out  of the f i n e  structure 

occurs ind ica t ing  that ground state complex and exci ted state com- 

plex formation occurs. 

The 0-0 band overlap 

a. 

Figure 8 Fluorescence Spectra  of 1-Azain6olizine (Hexane and 
Methanol) 

I n  the absorption spectrum i n  hexane the repara t ion  between 

the first and second singlet is Less than i n  the case or' the o the r  

two indol iz ines ;  there is a s t rong overlap between the second and 

first s ingle t- s i ng le  t absorption 

band is  s t i l l  seen. I n  mechanol 

is  s t i l l  seen. 

bands. 

the smearing out  of  Eine s t r u c t u r e  

The overlap of the 0-0 

Figure 9 Fluoresence-Absorption Spectra of 1,8-Diazaindolizine 
(Hexane and Arunano I) 

The commentary given above a l s o  a p p l i e s  t o  t h i s  compound. 

Figure 10 Absorption-Fluorescence Spectrum of 1-Azaindolizine 
i n  Hexane a s  a Function of Added Small Amounts of n- 
Rut ano 1 

Here carr be seen that mall mount s  sf n-butanol ( l - 3 %  vol.)  

have a g rea t  effect on the absorption spectrum but l i t t l e  e f f e c t  

01'1 thc eniss ion  spectrua ( v L r t u a l l y  superir;?posib3.e) . T h i s  indlcatec 
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that there is  specific complex formation i n  the ground state of 

1-azaindolizine w i t h  n-butanol. In the excited state, on these 
- _  

butanol concentrations, there is no complzx stability.  W e  have 

already shown in a previous report that the excited state pKa's 

of the azaindolizines are much lower in  the excited state than i n  

the ground state. The obzious formation of exciplexes i n  pure 

methanol for the azindolizines may, therefore, not necessarily 

indicate hydrogen bonded compiexes . 
- 
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A. Geometrical Influences on Non-Radiat ive  Processes jq Organic 
Molecules 

1. Generalized Rules 

The basic  t h e o r e t i c a l  framework f o r  t h e  work carried out 

under the area of geometrical inf luences on non-radiat  ive processes 

in organic molecules was done i n  the f i r s t  year (Jaly, 1969) of 
1 .  the  grant and subsequentty published i r r  the open l i t e r a t u r e  . 

photochemical reac t ion  mechanisms were divided i n t o  four ca tegor ies  

and each analyzed separately.  

ical  work s t i l l  being c a r r i e d  out.  

rules arz  reported in  tfe first year's progress repor t .  

Major 

T h i s  work i s  the bas i s  f o r  theoret-  

Details of the generalized 

2. Theoret ical  Calculations 

:!. Cis--trans i soner iza t ion .  The f i r s c  year's r e p o r t  

descr ibes  ca lcu la t ions  using a modified Pariers-Parr Pople SCF-CI 

estimation of t h e  ground and excited state of a number of sub- 

s t i t u t e d  o l e f in s .  Success was obtained i n  these  ca l cu la t ions  i n  

that i;n ana lys i s  of t h e  b i r a d i c a l  verses zwi t te r ion ic  mechanism 

could be obtained. 

a t u r e  . 
This work has been published i n  t h e  open l i t e r -  

2 

b. Bond-breaking modes i n  the dioxetane decomposition. 

'he  reader i s  re fer red  to another s ec t ion  of this year ' s  repor t .  

A paper on t h i s  subjec t  has been accepted f o r  publ icat ion . 3 

3 .  Experimental Work 

a .  Arenediazcnium photocheaistrv and phorophysics. 

Coverage of the work performed under this subjec t  i s  de t a i l ed  i n  

the F i r s t  an3 Second years '  r e p a r ;  ( h l y  1969,  J u l y  1970). A par- 

t i a l  reportl has been rendertad t o  t h e  cpen l i t e r a t u r e  . The f i r s :  & 
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year’s repor t  d e t a i l e d  some quantum yie ld  measurements on s t e r i c -  

a l l v  hindered arenediazonium ca t ions  and the e f f e c t  of  ex te rna l  

reagents on these 1-ields.  The second year d e a l t  w i t h  addi t iona l  

quantum yie ld  measurements as w e l l  as some fluoresc2nce quenching 

data- The work done on these m a t e r i a h  i s  i n  no way yet  completed. 

The i i . ierest  i n  arenediazonium photocheinistry r e s u l t s  from 

the f a c t  t h a t  t he  r eac t ion  i s  f a i r l y  exothermic. Thus i t  belongs 

to  a c l a s s  of materials i n  which either t h e  p o s s i b i l i t y  of chemi- 

. luminescence e x i s t s  or t h a t  thephotoproducts might be l e f t  i n  t h e i r  

exci ted states y ie ld ing  prompt luminescence, a rare phenomena. The 

work under the  grant  shows t h a t  none of these fea tures  e x i s t .  How- 

ever, the  mater ia l s  are s t range  i n  t h a t  even a t  extreinely l o w  temp- 

e ra tu re ,  when photochemistry does not apparently occur, lumin- 

escence does not occur. 

estimated by us t o  be i n  the  picosecond region. 

t h e  theo re t i ca l  aspec ts  of this problem is  s t i l l  occuring but i t  now 

appears t h a t  t h e  arene cation (analyzed by us theo re t i ca l ly  and i n  

the open l i t e r a t u r e  ) might very w e l l  have a t r i p l e t  ground s t a t e .  

This produces gross complexities i n  t h e  ground and excited s t a t e  

Tie photoreactions a r e  extremely f a s t ,  

An analys is  of 

5 

. p o t e n t i a l  energy sur faces  f o r  arenediazonium ca t ions  i n  t h a t  cross- 

i n g  can occur. An addi t iona l  grant  proposal covering this subject  

has been submitted t o  N.S.F. 

b. Photoprocesses i n  Indol iz ine  a n d  Azaindollzine. T h i s  

a rea  was covered i n  the  third (July 1’371) and four th  (June 1972) 
6 year ( t h i s  repor t )  and has been reported i n  t h e  open l i t e r a t u r e  . 

The major  f ea tu re  i n  t h i s  c l a s s  o f  molecules i s  thai:  t h e i r  f l uo r -  

escence liEctlmes is  c c u p l e d  w i t h  high yLz?ds of Emission and 

l i t  t l c  phosphc~escci:~c. These fea tures  indi.catc! t h a t  t h e  molecu’l-es 
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gndergo l i t t l e  i n t e r s y s t e m  crossing.  Why t h i s  i s  s o  has only been 

analyzed within the context t h a t  e i t h e r  an in su fz i c i en t  nunber o f  

t r i p l e t s  occur below the  lowest s h g l e t  o r  t ha t  there  i s  a poor 

misplacing of these levels. The problem s t i l l  requires  the measure- 

ment of t r i p l e t - c r i p l e t  spec t ra  t o  obtain the posi-tion o€  these 

t r i p l e t s .  I n  any case,  t he  discovery of these  unusual photophysical 

e f f ec t s  p l a y s  an important r o l e  i n  the  theory of non-rad i . t ive  pro-  

cesses and e f f e c t s  of geometry-on these processes. 

c .  S t ab i l i t i - e s  of Nicrogen Containing Yeterocyclic 
Radicals. 

This p a r t  of the  research was devoted t o  attempting 

t o  experimentally de tec t  r ad ica l s  of the  t y p e  R-N-R and t o  attempt 

t o  r a t iona l i ze ,  theoyi t ica l ly ,  t h e i r  e l ec t ron ic  s t ruc tu res .  The 

experimental wark, de t a i l ed  i n  the second year ' s  r epor t  was e n t i r e l y  

without success slnd even t o  t h i s  da t e  no r ad ica l s  of the p y r r y l  

type (unsubsti tuted) hav? been reported i n  the l i t e r a t u r e .  

The t h e o r e t i c a l  ana lys i s  of t h i s  problem i s  reported 

i n  t h i s  year ' s  r e p o r t  which i s  a p a r t i a l  r e p e t i t i o n  of t h a t  sub- 

mitted i n  the second yea r ' s  report .  A.paper  has been submitted 

fo r  publ icat ion t o  the  J Am. Chem. Soc. 
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